A thermal energy harvester using piezo-shape memory alloy (SMA) 
Introduction
Piezoelectric materials have the ability to transform mechanical energy into electrical energy that can be used to power other devices. Mechanical stresses applied to piezoelectric materials distort internal dipole moments and generate electrical charge in direct proportion to the applied forces. These same crystalline materials also lengthen or shorten in direct proportion to the magnitude and polarity of applied electric fields. The practice of harnessing energy around a system and converting it into usable power is termed as power harvesting ͓1͔.
Several recent studies have investigated piezoelectric power generation. One study used lead zirconate titanate ͑PZT͒ wafers and flexible, multilayer polyvinylidene fluoride films inside shoes to convert mechanical walking energy into usable electrical energy ͓2,3͔. This system has been proposed for mobile computing and was ultimately able to continuously provide 1.3 mW at 3 V when walking at a rate of 0.8 Hz.
Other projects have used piezoelectric films to extract electrical energy from mechanical vibrations in machines to power microelectromechanical systems ͑MEMS͒ devices ͓4͔. This work extracted a very small amount of power ͑Ͻ5 W͒ from the vibrations and no attempt was made to condition or store the energy. Similar work has extracted slightly more energy ͑Ϸ70 W͒ from machine and building vibrations ͓5͔.
Piezoelectric materials have also been studied to generate electricity from pressure variations in microhydraulic systems ͓6͔. The power would presumably be used for MEMS, but this work is still in the conceptual phase. Other work has used piezoelectric materials to convert kinetic energy into a spark to detonate an explosive projectile on impact ͓7͔. Still, other works have proposed using flexible piezoelectric polymers for energy conversion in windmills ͓8͔ and to convert flow in oceans and rivers into electric power ͓9͔. The above studies all have successful applications in extracting electrical power from piezoelectric elements utilizing mechanical energy.
Shape memory alloy ͑SMA͒ materials are a class of phasechangeable materials that exhibit a martensitic phase transformation under uniform temperature change. The shape memory effect ͑SME͒ can be described in simple terms in the following manner: A SMA can be easily deformed in the low temperature martensitic condition and returned to its original configuration by heating through the reverse transformation temperature range. This type of SME is termed as free recovery. Conversely, in a constrained recovery configuration, the SMA element is prevented from recovering the initial strain and a large compressive stress ͑recovery stress͒ is induced. A situation in which the specimen performs work ͑deforms under load͒ is called constrained recovery. Extensive work has been done to characterize these materials qualitatively through theoretical models ͓10-13͔. SMA has been receiving increasingly more attention and study since the discovery and first publication of shape memory effect by Chang and Read in 1951 ͓14͔ as a constituent in smart composite structures. Birman ͓15͔ and Otsuka and Wayman ͓16͔ gave a review of work done in the areas of alloy characterization, constitutive modeling, and applications. Elastic behavior of SMA fiber composites has been examined by researchers, as in Refs. ͓11-13,17͔. Piezoelectric materials with their electro-elastic coupling behavior have been used for actuating and power generating applications. In this study, the application of a hybrid composite made of piezoelectric material and SMA material for power generation is examined. Piezo-SMA composite is used to combine electroelastic coupling of the piezo with the thermal response of SMA with the aim of thermal energy harvesting.
Analytical Model of the Piezo-SMA Energy Harvester
The first section of this study revisits the analytical modeling of the energy harvesting piezo-SMA composite, as in Ref.
͓18͔.
Stress generation is examined with two analytical models: onedimensional serial composite model and three-dimensional method with Eshelby's theory. Mechanical energy generation during the thermal cycling environment is the key energy source in the harvesting process and will be examined by using composite modeling theories. The predicted stress during phase transformation due to constrained recovery is used to generate electrical charge in piezo-phase by direct piezoelectric effect. In the following sections, the electrical model to estimate the available power from piezoelectric material is examined.
One-Dimensional Modeling.
Piezo-SMA composite is considered as a one-dimensional laminated composite model ͑1D model͒. Both piezoelectric and SMA materials have finite thicknesses and are laminated together for the energy harvesting composite. The SMA used in this model is in martensitic phase at room temperature ͑Fig. 1͑a͒͒; this phase is called self accommodated martensite. Prestrain is introduced to the SMA by simply loading and unloading it in martensite form ͑Fig. 1͑b͒͒. Since SMA is martensitic in room temperature, SME is observed in this step and deformation in martensite proceeds by the growth of one variant at the expense of the other. The amount of prestrain is determined by the loading conditions and in this study, it is assumed that the SMA is deformed by less then 3% strain ͑see Fig.  2͒ . The deformed martensitic SMA ͑Fig. 1͑c͒͒ is attached to the piezo and the laminated composite is clamped in a way that causes a zero displacement boundary condition ͑see Fig. 1͑d͒͒ . As expected, upon heating above the austenite finish temperature A f , SMA exhibits shape memory effect, and each variant reverts to the austenitic phase in the original orientation by the reverse transformation ͑Fig. 1͑e͒͒. Due to the zero displacement boundary condition, where the mechanical obstacle is assumed to be completely rigid and the contact strain is independent of temperature and stress, the phase transformation induces compressive stress in the composite. At this point, both fiber and matrix are under compression. After heating above the A f temperature, maximum recovery stress is generated; here, it is assumed that the stress generated is below the yield stress of the SMA. The composite is then cooled below the martensite finish temperature M f to finish the cycle and the stress in the composite decreases to its initial value ͑Fig. 1͑f͒͒.
The 1D model for computing stress in the piezo-SMA composite generated by temperature induced martensitic and austenitic transformations is modeled with isostress ͑constant stress͒ condition,
where c , m , and f are the stresses of composite, piezo, and SMA, respectively. Both piezo and SMA are assumed to have the same cross-sectional area, and denotes the volume fraction of SMA phase in the composite. During the constrained recovery, the total displacement of the composite ␦ c is kept to be zero,
where ␦ m and ␦ f are the displacements of piezo and SMA, respectively. Total displacement is zero since the composite is assumed to be rigidly constrained. Equation ͑2͒ can also be written in terms of the constituents' strains,
Since the cross-sectional area is uniform through the x 3 -direction and the volume fraction of each constituent is linearly proportional to its thickness, displacement can be written as strain.
Total compressive strain for the piezo can be written as
where m TE , ␣ m , m el , and E m are the thermal strain, thermal expansion coefficient, elastic strain, and Young's modulus of the piezo matrix. ⌬T is the temperature difference between A f and M f . ⌬T Ͼ 0 for reverse transformation and ⌬T Ͻ 0 for martensitic transformation. Total compressive strain for the SMA can be written as
where f TE , f TR , f el , ␣ f , and E f are the thermal strain, prestrain, elastic strain, thermal expansion coefficient, and austenite phase Young's modulus of SMA fiber phase. Assuming linear dependence in f TR , E f , and ␣ f ͓19͔,
, and are the martensite phase Young's modulus, austenite phase Young's modulus, coefficient of thermal expansion ͑CTE͒ of martensite phase, CTE of austenite phase, and martensite volume fraction of fibers, respectively. is a function Transactions of the ASME of temperature and stress. It is noted that Eqs. ͑7͒ and ͑8͒ are law of mixtures of two constituents, martensite and austenite; thus, a more rigorous model to predict the overall properties of the SMA could be used such as Eshelby's theory. Following the phenomenological constitutive equations originally proposed, as in Ref.
͓19͔, can be expressed for martensitic ͑A → M͒ transformation,
and for reverse ͑M → A͒ transformation as
where T, f , C M , and C A are the temperature, the effective stress of the SMA, the slope of martensite transformation contour, and the slope of reverse transformation contour, respectively. Compressive stress across the composite in the x 3 -direction ͑along the thickness, see Fig. 1͒ can be found as
The value of the stress is proportional with the transformation stress that is defined as max TR . Further deformation in martensite phase will induce more stress in the composite that can be converted into electrical energy by direct piezoelectric effect. Stiffness of both piezoelectric and SMA is also another parameter that effects the amount of the recovery stress induced. Please note that Eq. ͑12͒ is only valid when the cross sections of the two constituents are equal. The 1D model can be modified for the different sized constituents. Equation ͑3͒ can be written in terms of material thickness, and instead of isostress condition, isoload ͑same force through the composite͒ condition is applied and the stress in both piezo and SMA can be found.
Three-Dimensional Modeling With Eshelby Theory.
Three-dimensional analytical model for computing the stress and strain in the piezo-SMA composite is examined by using Eshelby's inclusion method with the Mori-Tanaka mean field theory ͓20͔. The schematic representation of the analytical model for the calculation of composite stress is shown in Fig. 3 , where the phase transformation strain of fiber and thermal mismatch strains of fiber and matrix are shown. The composite consists of an infinite piezoelectric matrix ͑D − ⍀͒ containing a finite volume fraction of flat oblate spheroid ͑penny-shaped͒ SMA fillers ͑⍀͒. A deformation constraint is applied in the x 3 -direction for generating the recovery stress during the thermal induced phase transformation, which is represented by F o . It is noted that m and f refer to properties related to the piezo matrix and SMA filler, respectively.
The phase transformation strain of the SMA by the shape memory effect can be expressed as
where TR and f denote the phase transformation strain from austenite to martensite and Poisson's ratio of the SMA, respectively. is expressed for martensitic transformation and for reverse transformation in Eqs. ͑9͒ and ͑10͒. The thermal mismatch strain is generated during the cooling and heating processes due to the difference in CTEs of the SMA and PZT, and it is expressed as
where ␣ ⌬ = ͑␣ f − ␣ m ͒⌬T and ␣ f , ␣ m , and ⌬T are the CTEs of the fiber, matrix, and temperature change, respectively. Both austenite and martensite phases have different CTEs. ␣ f can be assumed to be a linear function of during the phase transformation ͓19͔.
By using Eshelby's inclusion theory with the Mori-Tanaka interaction effect ͓21,22͔, the stress distribution for SMA phase can be expressed as
where R is the electro-elastic stiffness matrix, Z is the field vector, Z is the average elastic field in the matrix domain, Z ‫ء‬ is the equivalent eigenfield of the equivalent inclusion, and superscripts f and m refer to the fiber and matrix, respectively. Electro-elastic stiffness of fiber R f depends on and is assumed to be a linear function of if we use the law of mixtures in prediction of the overall properties ͓19͔. Therefore, electro-elastic stiffness matrix for the SMA phase can be written as
where R M f and R A f are the electro-elastic stiffnesses of the martensite and austenite phases of SMA, respectively.
The integration of the disturbance stress ij over the entire domain ͑D͒ vanishes. The average field disturbance in the matrix can be written as
The total strain fields Z and Z ‫ء‬ are related through
where S is the coupled electro-elastic analog of Eshelby's tensor for the flat oblate spheroidlike ͑penny-shaped͒ inclusions normal to the x 3 -direction in a transversely isotropic piezoelectric matrix ͓22-24͔. Equation ͑16͒ can be rewritten by plugging in Eqs. ͑18͒ and ͑19͒ in terms of Z ‫ء‬ ,
͑20͒
In order to define eigenstrain Z ‫ء‬ , one can equate Eqs. ͑15͒ and ͑16͒ and plug in Eq. ͑19͒ to get
can be used in Eq. ͑20͒ to determine the flux vector
The average flux vector in the fiber ͗⌺ f ͘ can be computed as
Since the internal flux field over the entire composite domain vanishes, for matrix average flux vector,
where
͑26͒
It is noted that boldfaces RE and A are 9 ϫ 9 matrices.
Characterization of Shape Memory Alloy and Modeling Results
In a shape SMA, there exist two behaviors, SME and superelasticity ͑SE͒, or transformation pseudo-elasticity appears and they are dependent on stress and temperature. In nitinol ͑NiTi͒ SMA, SME and SE are induced by the martensitic transformation and the rhombohedral phase transformation ͓25-27͔.
In this section, the material properties of SMA are examined. The SMA material, which is used in the piezo-SMA energy harvester modeling, is a 51.2Ti-Ni͑at %͒. The geometry of the SMA is described as a disk shape. The transformation temperatures determined by using a differential scanning calorimeter ͑DSC͒ are as follows: M s = 313 K, M f = 293 K, A s = 328 K, and A f = 343 K ͑see Fig. 4͒ . The peak in the cooling curve showing austenite phase ͑B2͒ to martensite phase ͑B19͒ transformation determines the martensitic transformation starting and finishing critical temperatures.
The compressive stress-strain behavior of the SMA can be seen in Fig. 5 . The loading and unloading processes to reach maximum strain max TR were performed at a temperature T L , which is below the martensite finish temperature M f . While maintaining zero loading condition by the load controlling option of the testing device, the sample was heated to a temperature T H , which is above the austenite finish temperature A f , and strain recovery was observed. Approximately 2.5% compressive strain can be introduced to NiTi material with the loading conditions shown in the figure.
With the material properties shown in Table 1 and the preceding analytical models, the stress generation in the composite can be predicted. From both 1D and 3D models, one can tell that during heating, when the austenite starting temperature ͑A s ͒ is reached, reverse transformation starts and a small amount of transformation strain ␦ TR is recovered and induces the compressive stress. Then, the reverse transformation is suppressed. If the temperature had not been increasing at this point, the recovery stress generation would have stopped; however, temperature increases and induces further transformation. Eventually, when the temperature at which maximum recovery stress is reached, reverse transformation is complete. During cooling, when M s is reached, forward transformation starts, compressive stress reduces by an amount of ␦ TR , and forward transformation is suppressed. To induce further forward transformation, temperature is decreased. Eventually, when the compressive stress is totally released, complete forward transformation occurs. Compressive stress generated during the heating and cooling cycle is shown in Fig. 6 for both the 1D laminate model and the 3D model with the Eshelby theory.
Electrical Model
The constitutive equations for a linear piezoelectric material under low stress levels can be written as 
where is the stress, D is the electric displacement, E is the electric field, s is the elastic compliance, and g is the piezoelectric voltage coefficient given as
Here, d is the piezoelectric charge constant and is the relative dielectric constant. The constant ␤ in Eq. ͑28͒ is the dielectric susceptibility and is equal to the inverse dielectric permittivity tensor component. Under applied force F = · A ͑where A is the area͒, the open circuit output voltage ͑V͒ of the piezoelectric material can be computed from Eq. ͑28͒ and given as
where t is the thickness of the piezoelectric material. The charge ͑q͒ generated on the piezoelectric can be determined from Eq. ͑28͒ and given as
where C is the capacitance of the piezo material. The above relationship shows that at low frequencies, a piezoelectric plate can be assumed to behave like a parallel plate capacitor. Hence, available electric power under the cyclic excitation with frequency f is given as follows:
Under certain experimental conditions, for a given material of fixed area and thickness, the electrical power is dependent on the d 2 / ratio of the material. A material with a high d 2 / ratio will generate high power when the piezoelectric ceramic is directly employed for harvesting energy.
It is also worth investigating the maximum open circuit output voltage that the sample can reach by pyroelectric effect. The piezoelectric governing equation can be rewritten to include pyroelectricity as
where ⌬T is the temperature difference between cold and hot states and p is the pyroelectric constant. Open circuit voltage can be found as
where A is the surface area and C is the capacitance of the piezo material. Available power with pyroelectric effect can be calculated by parallel plate estimation
Piezoelectric Material (PZT) Characterization and Impedance Matching
In order to determine the power available to an electrical load from the PZT material in the piezo-SMA thermal energy harvester, we performed sets of experiments with different frequencies. For each fixed frequency, different load resistance is connected to the PZT material, which is under cyclic mechanical loading in order to determine the best impedance for the PZT material that is used in the thermal energy harvesting design. The schematic representation of the electrical circuit used in these sets of experiments is shown in Fig. 7 . It is modeled that PZT behaves as a voltage generator, which has an internal impedance of Z and the electrical load Z L is connected to the output of the PZT material. The voltage over electrical load is monitored with data acquisition ͑DAQ͒. Experiments were performed with the same loading condition 2 kN at four different frequencies: 0.01 Hz, 0.05 Hz, 0.1 Hz, and 0.5 Hz. The piezoelectric material is subjected to cyclic loading, which is a compressive load from 0 kN to 2 kN. Electrical load Z L , which is a pure resistive load in the experimental setup, was changed and the experiment was performed with the same condition until the voltage across the load resistance was saturated. By measuring the voltage and evaluating the current for the particular set of experiments, power available to the electrical load is calculated and the experimental results are presented in Fig. 8 . Logarithmic scale is used to show all experimental data in one graph. As expected, at higher frequencies, power available at the electrical load is relatively higher than that for the lower frequency case. Impedance of the system at the higher frequencies is also shifted to relatively lower values when compared with the impedance values for lower frequencies. The average power available reaches a maximum value for each frequency experiment at an electrical impedance. This impedance value is determined as the internal impedance of the piezoelectric material.
At low values of resistance, no voltage is produced ͑short circuit͒ and no power is generated. At high resistances ͑open circuit͒, no current flows and no power is generated. It follows from Fig. 8 that as the input frequency increases, the maximum power occurs at smaller load resistance values. This is the behavior expected for an essentially capacitive device; as the excitation frequency increases, the source impedance will decrease. Therefore, by assuming that the capacitance value is not changing during the experiment, the expected internal impendence is inversely proportional to the excitation frequency.
Average power at electrical load can be calculated as
where superscript e represents the values that are experimentally measured. Impedance matching provides power available at an electrical load as
where power from PZT material is defined in Eq. ͑33͒ and f is the temperature cycle frequency.
Experimental Procedure and Results
Now that the modeling and parameter identification for the materials used in the experimental study have been discussed, we shall examine the experimental procedure performed in order to simulate temperature cycling. The experiment is carried out with an Instron mechanical testing machine ͑Model 8521S͒, where the piezo-SMA composite is clamped with the help of the testing machine's compression punches and the control is switched to position control in order to have zero displacement boundary condition. Heating and cooling are applied to the composite with hot and cold air streams alternatively. The temperature is measured with a thermocouple, which is attached inside the SMA material from the contact free side. In order to have experimental comparison, piezoelectric material without SMA is also tested with the same loading boundary conditions. Both experimental setups are schematically shown in Fig. 9 . The piezoelectric material is electrically connected to a known electrical load. This resistance is selected based on impedance matching experiments for piezoelectric material ͑see Fig. 8͒ .
As expected, a positive voltage is generated during heating; SMA constrained recovery suppresses compressive stress in the system. Compressive stress on the PZT causes a positive charge accumulation. Poling direction of the PZT is also in the x 3 -direction, which is the same direction of applied force due to compressive stress; therefore, d 33 effect takes place during the heating process. Cooling, on the other hand, causes SMA to have martensitic transformation and the compressive stress is released in the system. The rate of change in the loading on PZT is opposite to the poling direction and negative voltage is generated. Figure 10 shows the voltage ͑shown in solid curves͒ measured across the load resistance during the heating and cooling process for the 0.05 Hz and 0.1 Hz experimental studies. Temperature ͑shown in dashed curves͒ is also monitored by a thermocouple attached to the surface of the SMA. Monitoring the surface temperature is one of the solutions in order to check if the material is subjected to a Transactions of the ASME thermal cycle between critical transformation temperatures, martensite finish M f and austenite finish A f temperatures, which are determined experimentally and shown in Fig. 4 . Experimental study is summarized in Table 2 . Here, predicted power is calculated based on Eq. ͑39͒, where boundary conditions and material properties are calculated with respect to the 1D analytical model. Experimental results for both piezo-only and piezo-SMA cases are shown in the same table for 0.05 Hz and 0.1 Hz. The experimental study performed for 0.01 Hz is not tabulated since the piezo-SMA composite was not electrically connected to a known load resistance. The 0.5 Hz experimental study was not performed due to a limitation in experimental setup.
Finally, the experimental data for sample temperature and the corrected value for stress from the load cell are plotted, as shown in Fig. 11 . An analytical model considering thermal expansion is also shown in the same plot. It is noted here that the analytical prediction of the cyclic loop in Fig. 11 has sharp kink points as compared with the experimental curves; this is due to the phenomenological constitutive equations used, i.e., Eqs. ͑9͒ and ͑10͒, as the predicted curves shown in Fig. 6 exhibit similar sharp kinks.
Conclusions
Piezo-SMA, as a thermal energy harvester, is modeled with the 1D serial model and the 3D model with the Eshelby theory. Power available for electrical load is predicted. Experimental study for material characterization is performed. Temperature fluctuation is simulated in the laboratory; piezo-SMA module is subjected to temperature fluctuation in different frequencies and experimental and predicted results are compared. Compressive stress induces during austenitic transformation due to heating in SMA phase together with the zero displacement boundary condition and then reduces while SMA transforms to martensitic phase during cooling. The change in the compressive stress is converted into electrical energy by inverse piezoelectricity. The model predicts the available power according to material properties and thermal fluctuation. The impedance of the system is examined with different thermal fluctuating frequencies. Higher frequencies, which result in lower impedance, give higher available power to electrical loading. The experimental and predicted results are in agreement for higher frequencies while for lower frequencies of thermal fluctuation, the prediction is not accurate due to internal loss. Although we did not perform the experiment for higher frequencies beyond 0.5 Hz due to the limitation of the experimental set up, the power generation from the composite subjected to fluctuating temperature is expected to be increasing with frequencies. Transactions of the ASME
